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STABILITY OF BAZLISTIC REENTRY BODIES* 

By John D. Bird and David E. Reese, Jr. 

SUMMARY 

Various fea tures  of the  s t a b i l i t y  of b a l l i s t i c  reentry shapes a r e  
discussed, including those considerations per t inent  t o  ba l l i s t i c -mis s i l e  
and manned-satellite reentry capsules. 
a re  used t o  indicate the problems involved. 
proper allowance f o r  desirable  geometrical features ,  the attainment of 
sa t i s fac tory  s t a b i l i t y  of reentry bodies having subsonic terminal veloc- 
i t i e s  i s  not too d i f f i c u l t  but, i n  e f f o r t s  t o  minimize weight i n  solut ion 
of the heating problem, undesirable features  may be introduced which 
w i l l  cause marginal s t a b i l i t y  charac te r i s t ics .  The attainment of satis- 
fac tory  s t a b i l i t y  of reentry bodies having supersonic terminal ve loc i t i e s  
appears t o  o f f e r  fewer problems. 

Calculations and aerodynamic da ta  
It i s  concluded t h a t ,  with 

INTRODUCTION 

The analysis  of Allen (ref. 1) indicated the e s s e n t i a l  fea tures  
of the problem of reentry s t a b i l i t y  in  terms of Bessel functions. 
t h i s  work and the re la ted  work of others, the  powerful constraining 
e f f e c t  on the  motion of the rapid increase of dynamic pressure w a s  
shown i n  addition t o  the destabi l iz ing influence of the drag force.  
The c r i t e r i o n  of s t a b i l i t y  was expressed by Allen i n  reference 1 i n  
terms of a now well-known damping factor  which includes the  drag, lift,' 
and pitch-damping coeff ic ients .  This solut ion i s  good f o r  the range 
of Mach numbers where the s t a b i l i t y  derivatives a re  e s sen t i a l ly  con- 
s t an t  a s  assumed i n  the analysis  and only undergoes some modification 
near and below the  transonic region where the aerodynamic character- 
i s t i c s  change rad ica l ly  and the  motion has slowed t o  the  point where 
the  influence of gravi ty  becomes s ignif icant .  
shown that sa t i s fac tory  d i rec t iona l  s t a b i l i t y  was the f ac to r  of primary 
concern down t o  an a l t i t ude  i n  the v ic in i ty  of 100,000 f e e t  f o r  the 
dens i t i e s  of missiles generally under consideration and t h a t  the 

I n  

I n  t h i s  work it was 

3 i t l e ,  Unclassified. 
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h damping derivatives,  t h a t  is, the drag, l i f t -curve  slope, and the  
damping in pi tch,  made themselves f e l t  primarily below t h a t  a l t i t ude .  

2 
The purpose of the present invest igat ion is, f i r s t ,  t o ' d i scuss  some 

aerodynamic charac te r i s t ics  of blunt reentry shapes and t o  give some 
indication of the significance of these charac te r i s t ics  as re la ted  t o  
the  dynamics of ba l l i s t ic -miss i le  reentry bodies, second, t o  discuss the 
dynamics of a manned lightweight reentry capsule and, t h i rd ,  t o  mention 
a few points i n  connection with work on slender, high-terminal-velocity 
bodies for  b a l l i s t i c  missi les .  
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l i f t -coef f  i c i e n t  derivative with respect t o  angle of a t tack,  
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2 pitch-damping der ivat ive based on - 2v 

charac te r i s t ic  length, generally maximum diameter 

radius of gyration 

Mach number 

angle of a t tack  

angle of a t t ack  on reentry t o  atmosphere 

weight of reentry body 

reference area, generally maximum cross-sectional area 

normal-force der ivat ive w i t h  respect  t o  angle of attack, 

moment of i n e r t i a  

per radian 

f l igh t -pa th  angle, posi t ive up 

pitching-moment-coefficient der ivat ive with respect  t o  
angle of attack, nondimensionalized by reference area 
and length, per radian 
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Examples of the  p i t ch  damping obtained f o r  blunt shapes a t  various 
Msch numbers are shown i n  f igures  1 and 2. The data  shown i n  these 
f igures  i n  the subsonic Mach number range were obtained i n  the Ames 
12-foot pressure tunnel by Donald A. Buell, whereas those i n  the  super- 
sonic Mach number range were obtained i n  the Ames 8- by 7-foot Unitary 
P l a n  wind tunnel  by Benjamin H. Beam. Figure 1 shows r e s u l t s  obtained 
on a very shallow reentry shape. It can be seen that unstable p i t ch  
damping i s  obtained i n  the supersonic region f o r  this  shape w i t h  a mod- 
e r a t e l y  s ized afterbody. This would r e s u l t  i n  an undesirable dynamic 
behavior of t h i s  configuration unless there  is  an appreciable modif ica-  
t i o n  of the p i t ch  damping i n  the lower or  higher supersonic Mach number 
range. 
i s  the influence of afterbody shape. A t  the  supersonic Mach numbers 
increasing the  s i z e  of the afterbody w a s  bene f i c i a l  [made the  p i t ch  
damping more negat ive) ,  whereas a t  b o t h  subsonic and supersonic speeds 
reducing the s i z e  of the afterbody was benef ic ia l .  This benef ic ia l  
e f f e c t  of afterbody-size reduction a t  subsonic speeds i s  better shown 
by the data  of figure 2 which are for  a parabolic configuration. For 
t h i s  configuration, reduction of afterbody s i z e  produced a pronounced 
e f f e c t  a t  subsonic speeds but had essent ia l ly  no e f f e c t  a t  the super- 
sonic speeds. Also, the  p i t ch  damping f o r  t h i s  configuration was  s tab le  
i n  the supersonic region as  contrasted w i t h  the r e s u l t s  f o r  the more 
shallow configuration of f igure  1. 

One of the most i n t e re s t ing  points i n  connection with these da ta  

A f a c t o r  that has been given some a t t en t ion  i n  connection w i t h  
damping measurement i s  that of the influence of a small angle of a t t ack  
t h a t  may arise from unsymmetrical d i s tor t ion  of the body. In  the  case 
of the  blunt shallow reentry shapes this  e f f e c t  has been found t o  be 
qui te  s ign i f i can t  a t  a Mach number of 2.5. 
of a t t ack  are suff ic ient  t o  cause marked changes i n  the p i t ch  damping. 
I n  the  case of the configuration with a moderate afterbody the  damping 
i s  changed from an unstable value t o  a s tab le  one by a change of 2O i n  
angle of a t tack .  Damping of the configuration w i t h  a small afterbody, 

(See f i g .  3 . )  Small angles 
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however, becomes unstable at about 1' angle of a t tack.  

t h e  par t icu lar  appl icat ion i n  order t o  obtain a reasonable perspective. 

These r e s u l t s  
show a decided nonlinear damping behavior which d i c t a t e s  t h e  study of 
p i t c h  damping t o  amplitudes commensurate with those t o  be to l e ra t ed  i n  

The resu l t s  shown i n  figure 3 indicate  the  strong probabi l i ty  of l i m i t  
cycle operation f o r  the  model with the moderate-sized afterbody. 

c 

' <  d 

The e f f e c t  of a change i n  p i t ch  damping on reent ry  body motion i s  
shown i n  f igure  4. Calculations are shown i n  t h i s  f igure  f o r  optimum- 
range interc ont ine n t a l -ba l l i  s t  i c -mi s s i l e  ( ICBM ) reentry c ondit  i ons f O r  

which the aerodynamic der ivat ives  used a re  given i n  table I. These 
calculations were made by use of an IBM type 704 e lec t ron ic  da ta  proc- 
ess ing  machine. The complete nonlinear equations of motion were 
employed. 
correspond generally t o  those of the shallow body w i t h  moderately s ized 
afterbody, and i n  the other  case the aerodynamic cha rac t e r i s t i c s  corre- 
spond generally t o  those of t he  shallow body w i t h  a sma l l  afterbody. 
It can readi ly  be seen t h a t  an increase of damping i s  benef ic ia l .  The 
calculat ion diverges t o  considerably grea te r  amplitude p r i o r  t o  a Mach 
number of 1 f o r  negative p i t ch  damping than f o r  zero p i t c h  damping. 
When the s t ab le  subsonic p i t c h  damping comes i n t o  play, the motion of 
the body w i t h  small afterbody subsides. The calculat ion with negative 
p i t c h  damping was not car r ied  completely t o  the ground. It should be 
remembered t h a t  l i m i t  cycle performance w i l l  very probably prevent 
bodies s i m i l a r  t o  the shallow model w i t h  moderately s ized afterbody 
f r o m  exceeding a ce r t a in  r e l a t i v e l y  small amplitude. I n  general, con- 
siderable divergence can be to l e ra t ed  p r i o r  t o  a Mach number of 1.0 if 
good subsonic damping i s  present and care i s  taken not t o  have too 
g rea t  an angle of a t tack  a t  reentry.  P i t ch  damping as grea t  as -0.3 
would give an almost l i n e a r  decay of the pi tching motion t o  zero arnpli- 

g rea t  as -3.0 would cause the motion t o  subside by the  time an a l t i t u d e  
of 100,000 f e e t  i s  reached. 

In  one case i n  f igure  4 the aerodynamic cha rac t e r i s t i c s  

P 

tude at about an a l t i t u d e  of 40,000 f e e t .  A r t i f i c i a l  p i t c h  damping as w 

One p o s s i b i l i t y  f o r  improving the s t a b i l i t y  cha rac t e r i s t i c s  of sub- 
sonic reentry bodies i n  the  t ransonic  region t h a t  has been given some 
thought involves the use of a spool-like form as shown i n  f igu res  5 and 6. 
These data were obtained i n  the  Langley t ransonic  blowdown tunnel  and 
Mach 3 j e t  by L e w i s  R .  Fisher and W i l l i a m  Letko, respect ively.  
t heo ry  behind the use of t h i s  configuration i s  that the  f lare  a t  the  
end of the body w i l l  be extremely e f f ec t ive  i n  the near t ransonic  region 
and, hence, w i l l  contribute t o  the  p i t c h  damping i n  large measure a t  low 
speeds but w i l l  not grea t ly  a f f e c t  t he  aerodynamic cha rac t e r i s t i c s  nor 
w i l l  the f l a r e  encounter grea t  heat ing loads a t  the higher speeds, because 
of i t s  location, i f  it i s  made s u f f i c i e n t l y  s m a l l .  Some bene f i c i a l  e f f ec t  
should be obtained f o r  t h i s  arrangement a t  the extremely high reentry 
a l t i t udes  because of the improvements i n  d i r e c t i o n a l  s t a b i l i t y  a t  the 

The 

la rge  angles of a t tack  that-may be encountered without precise  orienta- 
ti.m by automatic means. t a surpr i s ing ly  Large value 

n 

J 
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of d i rec t iona l  s t a b i l i t y  i s  obtained with t h i s  arrangement i n  comparison 
with t h a t  obtained with the  simple f la red  model a t  the l e f t  i n  f igure 5 .  
Results a t  a Mach number of 3.0 on somewhat d i f fe ren t  models indicate 
t h a t  spool models do not experience as great  an increase of s t a b i l i t y  
over simple f l a r e d  models f o r  supersonic speeds as  was the case f o r  
transonic speeds ( f i g .  6 ) .  The damping i n  p i tch  of a spool model can 
be seen from the data of f igure 7. These data were obtained i n  the 
Langley high-speed 7- by 10-foot tunnel by Herman S. Fletcher.  The 
simple f l a r ed  model shows unstable damping a t  the higher subsonic speeds, 
whereas the spool model shows a powerful damping influence. It is quite 
l i ke ly  t h a t  an optimum spool shape would have less f l a r e  than the models 
f o r  which data are shown because these models have more d i rec t iona l  s t a -  
b i l i t y  than i s  required. 

The unstable p i t ch  damping shown f o r  the simple f l a r ed  model a s  
the transonic region is  approached has been obtained f o r  other shapes 
i n  greater  o r  l e s se r  degree and has caused some concern. However, a 
considerable degree of unstable damping may be to le ra ted  i n  the transonic 
region f o r  subsonic-terminal-velocity bodies which make rapid t r a n s i t  of 
the transonic region if the subsonic p i tch  damping i s  s tab le .  This 
unfavorable p i tch  damping e f f ec t  ca+n be seen from the calculations shown 
i n  f igure 8, the conditions f o r  which are  given i n  tab le  I. It can be 
seen i n  f igure 8 that a reversal  i n  sign of the p i tch  damping i n  the 
transonic region does not impose an intolerable  burden because not too 
grea t  an amplitude i s  reached before the transonic region i s  passed. 
The r e s u l t  may be e n t i r e l y  different ,  of course, f o r  a reentry body 
having a transonic terminal velocity; t h i s  body would be exposed t o  any 
transonic pecul ia r i ty  f o r  a much longer period of t i m e .  

Recently %here has been a genqral bel ief  t h a t  a high-drag bluff 
body would make an adequate minimum reentry body f o r  a m&n-carrying 
s a t e l l i t e  ( r e f .  2 ) .  
would be employed i n  order t o  minimize the acceleration on the occupant. 
An example of the motion of a vehicle on reentry t o  the atmosphere i s  
shown i n  f igure  9. Aerodynamic data f o r  the reentry capsule shown i n  
t h i s  f igure were used f o r  the present calculation. 
and aerodynamic quant i t ies  used i n  the calculation are given i n  tab le  I. 
The equations f o r  these calculations included the e f f e c t  of the  e a r t h ' s  
curvature and were integrated by use of an IBM type 704 e lec t ronic  data  
processing machine. The sketch i n  figure 9 shows the general character 
of t h i s  reentry.  
a l t i t u d e  of 145,000 f e e t .  
amplitude envelope of the osc i l la t ion  during reentry f o r  an assumed 
error i n  alinement with the f l i g h t  path of lo a t  reentry.  
few cycles of the osc i l l a t ion  are shown as  a dashed l i ne  i n  the r igh t -  
hand s ide  of t h i s  p lo t .  The amplitude of o sc i l l a t ion  at Mach number 1 
i s  much the same as  t h a t  a t  reentry. 

I n  such an application a low angle of reentry 

The various mass 

A maximum deceleration of 9.9g i s  encountered a t  an 
Also shown i n  this f igure i s  a p lo t  of the 

The f i rs t  

Thereafter, an increase i n  
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divergence occurs i n  s p i t e  of the s t ab le  subsonic p i t ch  damping. The 
damping fac tor  i s  unstable i n  th i s  region as w e l l  as f o r  the remainder 
of the  reentry because of the  negative l i f t -curve  slope. An increase 
of p i t ch  damping i n  the  subsonic region t o  -0.20 ef fec ted  by adding a 
t a i l  assembly o r  f l a r e  produces a more s tab le  behavior. 
h i s to ry  of the capsule during reentry i s  presented i n  f igure  10. It i s  
evident from the  f igure  t h a t  the frequency and dynamic pressure are not 
excessive. 
occurs a t  an a l t i t ude  of 145,000 f e e t .  
which i s  extremely low because of the small normal l i f t -curve  slope and 
small e r ror  i n  alinement of the  satel l i te  on reentry,  i s  about 0.1% 
and occurs at an a l t i t ude  of about l25,OOO f e e t .  These r e s u l t s  indicate  
t h i s  t o  be a reasonable form of reentry vehicle from the s t a b i l i t y  point 
of view. 

The frequency 

The maximum frequency i s  about 1.0 cycle per second which 
The maximum normal acceleration, 

F 

'd  

A n  example of the negative l i f t -curve  slopes of severa l  forms of 
blunt  reentry bodies which contribute t o  the low-altitude divergence 
shown for the  s a t e l l i t e  i s  given i n  f igure  11. These da ta  were obtained 
i n  the Langley transonic blowdown tunnel  by k w i s  R. Fisher and Joseph R. 
D i C a m i l l o .  I n  t h i s  figure the l i f t -curve  and pitching-moment-curve 
slopes are shown f o r  several  blunt shapes a t  a Mach number of 1.0. It 
can be seen that the  very blunt forms have des tab i l iz ing  negative l i f t -  
curve slopes and that there  i s  a pronounced Reynolds number e f f e c t  f o r  
one of the intermediate shapes. The negative l i f t -curve  slopes f o r  t he  
blunt rounded-corner forms shown i n  f igure  11 become somewhat smaller 
as the supersonic region i s  entered and the  aerodynamics approaches the  
Newtonian consideration more closely.  I n s t a b i l i t y  from this pa r t i cu la r  

with r e l a t ive ly  low p i t ch  damping. 
source may be w e l l  i n  evidence i n  the terminal phase of f l i g h t  f o r  bodies h 

4 

Recently, it has become apparent t h a t ,  f o r  b a l l i s t i c  missiles, 
terminal ve loc i t ies  t o  a Mach number of 2.0 or higher are not unreason- 
able with present methods and mater ia ls .  
has been given t o  long slender shapes having low rather than high drag 
coef f ic ien ts .  An examination of the Allen damping f a c t o r  (ref.  1) 

A s  a r e s u l t ,  increased emphasis 

indicates  t h a t  this t rend i s  favorable inasmuch as the des tab i l iz ing  
drag quantity i s  reduced conslderably when long slender shapes are  used. 
In  addition, the sometimes troublesome transonic  region i s  avoided com- 
p le te ly ,  and the p o s s i b i l i t y  of des tab i l iz ing  negative l i f t -curve  slopes 
i s  eliminated because the  l i f t -curve  slope of slender,  more pointed 
bodies i s  pos i t ive .  
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One approach t o  the design of b a l l i s t i c  missiles having high ter-  
minal ve loc i t i e s  might be t o  u t i l i z e  slender arrangements i n  the form 
of a r t i l l e r y  shells that  have no s t ab i l i z ing  surfaces t o  protect  from 
heating. Such an arrangement would generally have some degree of ins ta -  
b i l i t y  if packaged more or  less uniformly which would have t o  be counter- 
acted by su f f i c i en t  spin or  by other means t o  provide s t ab i l i za t ion .  An 
examination of the spin s t a b i l i t y  c r i t e r ion  indicates  that the required 
sp in  rates are l i k e l y  t o  be excessive f o r  so complicated a device as a 
reent ry  warhead o r  a man-carrying satel l i te .  
s t i f f n e s s  introduced tends t o  maintain large amplitudes of yaw w e l l  i n t o  
the region of high heating. 
cat ions i n  which appreciable loss  of heat by radiat ive cooling is  obtained; 
i n  this  case a body could be toasted more o r  less evenly on a l l  s ides .  

Also, the higher gyroscopic 

Such behavior may be advantageous f o r  appli-  

Because of t he  d i f f i c u l t i e s  of spin s t ab i l i za t ion  one of the most 
promising considerations i n  conjunction with the design of adequate sta- 
b i l i t y  and damping i n t o  slender reentry bodies having high terminal  
ve loc i t i e s  involves the use of f l a r e s .  It has been shown by rocket- 
propelled-model tests conducted a t  the Langley P i l o t l e s s  Ai rcraf t  
Research S ta t ion  at Wallops Island, Va. ,  that heating loads obtained 
on the f l a r e d  port ion of blunt bodies are not unreasonable. The loca- 
t i o n  of the flare a t  the end of the body i s  advantageous from the  stand- 
point of damping because l i f t i n g  elements generally contr ibute  t o  p i t ch  
damping i n  proportion t o  the squares of their lever  arms and l i f t  i s  
not generated by expanding portions of the body i n  f r o n t  of the  center  
of grav i ty  which tend t o  cancel the  contributions t o  s t a b i l i t y  of the 
rearward portions.  

Work by Becker and Korycinski (ref. 3)  has shown a tendency f o r  
s lender  f l a r e d  bodies t o  develop large regions of separated flow i n  
f r o n t  of the flare f o r  low Reynolds numbers a t  Mach numbers near 7.0. 
The n e t  e f fec t  of t h i s  phenomenon i s  t o  reduce the e f f ic iency  of the 
flare i n  contributing t o  d i rec t iona l  s t a b i l i t y .  This reduction i n  
e f f ic iency  necessi ta tes  a grea te r  area of flare than m i g h t  be antici- 
pated otherwise. 

A measure of the p i t ch  damping of two of these rocket-propelled 
models from a program conducted by John C. McFall, Jr., together  w i t h  
data from tes t s  of a f l a r e d  rounded-nose model a t  Thompson Aerobal l i s t ics  
Laboratory, i s  given i n  f igure  12. These data  are referenced t o  f r o n t a l  
body diameter and area rather than t o  base diameter and area. 
p i t ch  damping i s  shown f o r  a l l  of the models i n  the  supersonic region, 
but de f in i t e  unstable values exist fo r  the f l a r e d  and the blunt cylinder 
models i n  the  subsonic region. Similar r e s u l t s  have been obtained a t  
subsonic Mach numbers f o r  a f l a r e d  b l u n t  model i n  wind-tunnel tests a t  
the  Langley Laboratory. Rocket-propelled-model tests on simple loo cone 
models have indicated good damping a t  Mach numbers of approximately 6.0. 

Adequate 
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I n  one rocket-propelled-model f l i g h t ,  a 10' amplitude wandering 
Fig- motion of a f lared model w a s  obtained i n  the transonic region. 

ure 13 shows the time h is tory  i n  this  pa r t i cu la r  f l i g h t  of the  f l a r ed  
model compared w i t h  a time h i s to ry  f o r  a more s tab le  configuration. 
A t  least one wind-tunnel measurement has indicated that this f l a r ed  
configuration has unstable damping i n  the subsonic region. It i s  qui te  
possible, of course, t h a t  the sharp corner i s  an undesirable feature of 
the f la red  configuration with regard t o  damping. 

CONCLUDING REMARKS 

With proper allowance f o r  desirable  geometrical features, the a t t a in -  
ment of s a t i s f ac to ry  s t a b i l i t y  of reentry bodies w i t h  subsonic terminal  
ve loc i t ies  i s  not too d i f f i c u l t  but i n  e f f o r t s  t o  minimize weight i n  
solut ion of t he  heating problem undesirable features, such as, extremely 
f l a t  noses, short  s k i r t s ,  and bulging afterbodies,  may be incorporated 
i n t o  the system. U s e  of these features w i l l  require a much more precise  
determination of s t a b i l i t y  because they may produce marginal character-  
i s t i c s .  The attainment of s a t i s f ac to ry  s t a b i l i t y  of reent ry  bodies w i t h  
supersonic terminal ve loc i t i e s  appears t o  o f f e r  fewer problems but  a 
number of good measurements of p i t ch  damping are needed f o r  low drag 
shapes . 

Langley Aeronautical Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Langley Field,  Va . ,  March 18, 1958. 
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